The data are available here: <https://zenodo.org/record/3820402#.Xrq6jBMzbOQ>. The doi is: [10.5281/zenodo.3820402](https://doi.org/10.5281/zenodo.3820402).

Introduction {#sec001}
============

The majority of inherited retinal degenerations are due to photoreceptor cell death. In many cases ganglion cells are spared making it possible to stimulate them to restore visual function in blind patients. Thanks to electrical implants it has been shown that stimulating retinal cells can evoke percepts \[[@pcbi.1007857.ref001]--[@pcbi.1007857.ref003]\]. A major challenge is to restore vision with a high resolution. A high acuity is necessary to solve complex visual tasks, e.g. face recognition, or navigating in complex environments (but see \[[@pcbi.1007857.ref004]\]). Several studies have suggested that expressing light sensitive proteins in ganglion cells could be an efficient way to restore vision \[[@pcbi.1007857.ref005]--[@pcbi.1007857.ref010]\], by stimulating these newly light-sensitive cells with patterned light to evoke visual perception. This is a promising alternative, but it is unclear what acuity can be expected with this strategy.

Direct measurements of acuity using behavioural tests have been performed on mice \[[@pcbi.1007857.ref009]\]. Measuring the acuity with behavioral experiments on non-human primates is challenging because of the lack of blind primate models. The light stimulation necessary to activate the transfected cells will also activate the photoreceptors in normal animals, and the effect of photoreceptor versus optogenetic activation would not be easily separated. To make progress towards predicting the acuity achievable by patients, an alternative is to quantify the spatial resolution of a retina treated with optogenetic therapy. For this purpose, one needs to measure the receptive field of ganglion cells, i.e. the region of visual space that will evoke a response. Large receptive fields should correspond to a poor resolution, while small ones suggest a high resolution, that could lead to a high acuity. Previous studies using optogenetic proteins expressed in ganglion cells mostly measured responses to full field flashes \[[@pcbi.1007857.ref005]--[@pcbi.1007857.ref009]\]. Some used fine-grained stimulation patterns that are necessary to measure receptive fields \[[@pcbi.1007857.ref011], [@pcbi.1007857.ref012]\], but only in the rodent retina, not in the primate retina. A few studies where light sensitivity was restored at the bipolar or photoreceptor stage used spots of increasing sizes to determine size selectivity \[[@pcbi.1007857.ref013], [@pcbi.1007857.ref014]\]. Overall, systematic estimation of receptive fields has not been performed previously in primate ganglion cells that are made light-sensitive. Since the optogenetic protein is also expressed in axons, it is unclear if these neurons will only be sensitive to the stimulation of a small region covering their somas and dendrites, or if they will also respond to a stimulation of their axon far away from the soma, dramatically impairing spatial resolution.

Here we developed an approach mixing experiments, data analysis and modeling to estimate the spatial resolution of retinas reactivated with optogenetics. In both mouse and macaque, optogenetic proteins were expressed in retinal ganglion cells following an intravitreal adeno-associated virus (AAV) injection *in vivo*. We then recorded the activity of populations of ganglion cells with multi-electrode recordings. We measured the receptive field of each cell, and built a quantitative model that recapitulates precisely how reactivated ganglion cells transform a stimulus into spike trains. This model acurately predicts the ganglion cell responses to complex stimulation patterns. We then used this model to estimate the spatial resolution of the reactivated retina. This resolution gives a prediction of the best acuity that could be reached by treated patients. We found that this acuity is above the limit of legal blindness. This result suggests that therapy based on optogenetic reactivation is a promising avenue to restore high-resolution vision in blind patients. Our model also makes interesting predictions about different possible strategies to increase acuity of treated patients. Our approach is a first step towards predicting the acuity of a blind patient treated with optogenetic therapy.

Results {#sec002}
=======

Optogenetically activated ganglion cells have localized receptive fields {#sec003}
------------------------------------------------------------------------

We targeted retinal ganglion cells (RGCs) of blind rd1 mice (4/5 weeks old) with an AAV2 encoding ReaChR-mCitrine (a variant of Channel Rhodospin with red-shifted sensitivity) under a pan-neuronal hSyn promoter via intravitreal injections. Details of the gene delivery and optogenetic protein expression have been detailed elsewhere \[[@pcbi.1007857.ref007], [@pcbi.1007857.ref010]\]. Retinas were harvested after 4 weeks for multi-electrode array (MEA) recordings.

To estimate the size of the region whose stimulation can activate a ganglion cell (i.e. its receptive field), we displayed a random checkerboard stimulus (see [Methods](#sec009){ref-type="sec"}). We estimated the Spike Triggered Average (STA) by averaging over the frames that evoked a spike (see [Methods](#sec009){ref-type="sec"}) \[[@pcbi.1007857.ref015]\]. Many cells showed a well-defined receptive field ([Fig 1A and 1D](#pcbi.1007857.g001){ref-type="fig"}). Under the hypothesis of Gaussian shape, the average diameter of receptive fields was 99±7 *μ*m (SEM, n = 30; individual uncertainty of 3 microns; [Fig 1G](#pcbi.1007857.g001){ref-type="fig"} and [Methods](#sec009){ref-type="sec"}), slightly smaller than what is usually measured in normal retinas \[[@pcbi.1007857.ref016]\]. We measured the temporal course of STAs ([Fig 1B and 1E](#pcbi.1007857.g001){ref-type="fig"}) with a checkerboard displayed at 40Hz. This frequency sets the limit of our temporal resolution in the estimation of the peak-response latency. We found the peak to be at the second time-bin, meaning that the latency is between 25 and 50ms. However, the temporal trace is above zero for the first time-bin, at about one third of the peak. This means that the onset of the response starts between 0 and 25ms, consistent with a direct light-activation of ganglion cells. See [S1 Fig](#pcbi.1007857.s001){ref-type="supplementary-material"} for more example cells.

![Receptive field and LN model for a ReaChR reactivated mouse retina.\
(A) Spatial receptive field of one example RGC, computed from the spike-triggered average (STA) to a checkerboard stimulus. Black ellipse is the 1-std contour of a gaussian fit to the STA. Scale bar: 200 microns. (B) Temporal receptive field computed from the STA of one RGC (see [Methods](#sec009){ref-type="sec"}). (C) Average firing rate (blue) from a cell in response to a repeated sequence of the checkerboard stimulus and predicted firing rate (red) from a LN model fitted to the cell response (r = 0.82). (D-F) as before, but for a different cell. (G) Receptive field sizes for the recorded cells. Red: example cells of the upper panels. Blue: highly reliable cells. Green line: weighted mean. (H) LN model performance plotted against cell reliability.](pcbi.1007857.g001){#pcbi.1007857.g001}

To characterize the processing performed by the reactivated retinas, we built a classical Linear-Non-linear (LN) model \[[@pcbi.1007857.ref017]\] to predict the responses of ganglion cells to the checkerboard stimulus. The LN model is composed of a linear filter followed by a non-linearity to predict the firing rate of the cell. The linear filter was the average STA measured with the checkerboard. The non-linearity was learned on the checkerboard data using a classical maximum-likelihood estimation (see [Methods](#sec009){ref-type="sec"}).

We then tested the model on a repeated sequence of the checkerboard stimulus that was not used to learn the model. We restricted our analysis to ganglion cells that were strongly modulated by the stimulus (reliability score above 0.5, see [Methods](#sec009){ref-type="sec"}). On these cells, the LN model predicted very well cell responses to the checkerboard stimulus ([Fig 1C and 1F](#pcbi.1007857.g001){ref-type="fig"} for two examples). For all these cells, the prediction performance was high (mean Pearson correlation 0.69 ± 0.08, n = 24), close to the limit set by the reliability of the response ([Fig 1H](#pcbi.1007857.g001){ref-type="fig"} and [Methods](#sec009){ref-type="sec"}).

We then tested if the same approach could be applied in the non-human primate retina. We used data from a macaque retina where ganglion cells were transfected with the optogenetic protein CatCh (a variant of Channel-rhodopsin) \[[@pcbi.1007857.ref010]\]. Here AAV2 vectors were produced with a promoter driving the expression of the CatCh protein in ganglion cells. Macaques were injected intravitreally with AAV particles. Retinas were harvested 12 weeks after injection for MEA recordings. Expression of the optogenetic protein was restricted to the foveal ring \[[@pcbi.1007857.ref010]\], where most ganglion cells are midget cells \[[@pcbi.1007857.ref018]\].

To suppress the endogeneous photoreceptor response, retinae were light exposed for several hours, and LAP4 was added to the bath to block ON responses from photoreceptors (see \[[@pcbi.1007857.ref007]\] and [Methods](#sec009){ref-type="sec"}). We only found responses to light stimulation in the foveal ring, where the protein was expressed \[[@pcbi.1007857.ref010]\]. We performed a similar experiment as for the mouse, displaying a random checkerboard and measuring receptive fields.

Although the activity modulation by visual stimuli was much weaker than for the mouse (spontaneous activity was high, probably an effect of the culture or the bleaching), in some ganglion cells we could still find a STA with a well-defined receptive field ([Fig 2A and 2D](#pcbi.1007857.g002){ref-type="fig"}) with an average diameter of 82 ± 1 *μ*m (SEM, n = 25; individual uncertainty of 7 microns; [Fig 2G](#pcbi.1007857.g002){ref-type="fig"} and [Methods](#sec009){ref-type="sec"}). We found in most of the cells that the peak-response was in the first time-bin, i.e. a latency smaller than 33.3ms and sometimes in the second time bin, i.e. a latency smaller than 66.6ms. Using the same strategy as in the mouse retina, a LN model could predict well the responses to repeated sequence of a checkerboard stimulus on cells with a clear modulation of the firing rate ([Fig 2C and 2F](#pcbi.1007857.g002){ref-type="fig"}, mean Pearson correlation 0.79 ± 0.1, n = 15), and was close to the performance expected given the reliability of the response ([Fig 2H](#pcbi.1007857.g002){ref-type="fig"}). See [S2 Fig](#pcbi.1007857.s002){ref-type="supplementary-material"} for more example cells.

![Receptive field and LN model for a CatCh reactivated macaque retina.\
(A) Spatial receptive field of one example RGC, computed from the spike-triggered average (STA) to a checkerboard stimulus. Black ellipse is the 1-std contour of a Gaussian fit to the STA. Scale bar: 200 microns. (B) Temporal receptive field computed from the STA of one RGC (see [Methods](#sec009){ref-type="sec"}). (C) Average firing rate (blue) from a cell in response to a repeated sequence of the checkerboard stimulus and predicted firing rate (red) from a LN model fitted to the cell response (r = 0.77). (D-F) as before, but for a different cell. (G) Receptive field sizes for the recorded cells. Red: example cells of the upper panels. Blue: highly reliable cells. Green line: weighted mean. (H) LN model performance plotted against cell reliability.](pcbi.1007857.g002){#pcbi.1007857.g002}

Acuity estimation of the reactivated retina {#sec004}
-------------------------------------------

Intuitively, the receptive field size is related to the spatial resolution of the retina. This spatial resolution is connected with the acuity that a blind patient treated with this optogenetic strategy could achieve. However, one would like to make this connection more quantitative. Since our model gives a precise account of how ganglion cells respond to visual stimuli, we can construct a full model of how the complete retinal population respond to a stimulus, and simulate the spike trains that the brain will receive from retinal ganglion cells. Thanks to this model, we can estimate the smallest letter size that can still be discriminated by an observer that would have access to these simulated spike trains. This smallest discriminable letter size is a good proxy of the best acuity reachable thanks to this therapeutic strategy. To construct a full model of the reactivated retina we assumed that ganglion cells were placed on a square grid, with a density equal to the density of transfected cells in the experiment (note that using a more irregular grid did not change significantly the results). In a previous study, we found that around 40% of ganglion cells were transfected in the macaque foveal ring (measured from confocal imaging in \[[@pcbi.1007857.ref010]\]), and the density of ganglion cells in the macaque fovea has been estimated to 51108 cells/mm^2^ \[[@pcbi.1007857.ref019]\]. Each neuron was simulated with an identical LN model, with the parameters (STA, non-linearity) chosen to be equal to the average parameters found in the experimental data (see [Methods](#sec009){ref-type="sec"}). Each neuron in our model was thus identical up to a translation of its receptive field.

We then used our model to simulate the spiking response of the reactivated retina to an acuity test ([Fig 3A](#pcbi.1007857.g003){ref-type="fig"}). We chose a classical acuity test used in ophthalmology, the random E test, where the letter 'E' is presented in 4 possible directions. The test consisted in presenting randomly a letter to the retina in silico for 1 second, animated by a random jitter mimicking eye movements (see [Methods](#sec009){ref-type="sec"}), which corresponded to repeating the flashes multiple times. We then predicted which letter was presented from the spike trains using a Bayesian decoder (see [Methods](#sec009){ref-type="sec"}). By performing a Bayesian inversion of the model, it was possible to estimate which letter was presented. Using this decoder is equivalent to the assumption that the brain made the best use of the information contained in the spike trains received from the retina (a classical "'ideal observer" hypothesis).

![Simulation of an acuity test *in silico* and estimation of acuity.\
(A) We showed the letter E in one of 4 possible orientations and flashed the letter at a new random position every 33 ms to mimic fixational eye movements. "Time" refers to repetitions of these flashes. We then simulated the entire macaque retinal output as a collection of ganglion cells with receptive fields regularly spanning the visual field, all parameters being fitted to the experiments. To decode which letter was presented from these spike trains, we adopted a maximum likelihood strategy: we assumed perfect knowledge of the model and tested for which stimulus the observed spiking response was the most likely. We then chose the letter with the highest log-likelihood as the prediction of our model. (B) Average success rate over time, for a letter of 100 microns. (C) Percentage of letters decoded correctly after a 1s exposure, against the letter size. The dashed line is the 80% accuracy limit that we used in our definition of acuity (see [Results](#sec002){ref-type="sec"}). (D) Predicted acuity as a function of the receptive field size. (E) Predicted acuity as a function of the density of reactivated ganglion cells.](pcbi.1007857.g003){#pcbi.1007857.g003}

We simulated the activity of ganglion cells responding to letters E with different orientations and performed Bayesian decoding at different times following the beginning of the stimulation. As expected the success rate increased with time ([Fig 3B](#pcbi.1007857.g003){ref-type="fig"}). This is because the decoder accumulated evidence over time to better discriminate letters, and got better at finding which letter was presented when it had access to longer responses. Performance increased with the size of the letter to be decoded ([Fig 3C](#pcbi.1007857.g003){ref-type="fig"}). To be realistic and consistent with real in-situation acuity tests, we then defined the acuity score as the smallest letter size for which the success rate was above 80% within a time exposure of 1 second. We found that the smallest discriminable letter size was 110 microns. Assuming that discriminating a letter of 25 *μ*m gives a 20/20 acuity, these 110 microns correspond to an acuity of 20/72. This is above the threshold of legal blindness (20/200).

Discussion {#sec005}
==========

Localized receptive fields {#sec006}
--------------------------

A possible limitation of vision restoration with optogenetic reactivation of ganglion cells is that the whole axon of the neuron could become light sensitive, thus creating an unnaturally elongated receptive field, impairing resolution and therefore acuity. We have measured the receptive fields of retinal ganglion cells of mouse and primate retinas that were made light sensitive using an optogenetic protein.

\[[@pcbi.1007857.ref011], [@pcbi.1007857.ref012]\] and \[[@pcbi.1007857.ref015]\] have measured receptive fields in the mouse retina where ganglion cells are transfected by an optogenetic protein. However, this was not performed in the primate retina. Similar to humans, macaques have a fovea, i.e. a region of high resolution, while mice do not. To estimate the acuity that could possibly be reached by a human patient treated with this strategy, measuring receptive fields in the primate retina is therefore necessary. We found that many cells had a small receptive field. This demonstrates that the reactivated ganglion cells are mostly sensitive to the stimulation of their soma and dendritic field (and possibly the axon initial segment), but not to the stimulation of their axon, at least not the part of the axon that is the most distant from the soma: otherwise we would have measured large and elongated receptive fields encompassing the axonal image, and extending over several hundreds of microns. We cannot exclude that there would be an axonal response at much greater light intensities. Yet we demonstrated the existence of an intensity range at which cells can be stimulated close to their soma, but are not stimulated by their distant axon.

Several works aiming at restoring vision using retinal prostheses showed that electrical stimulation by epiretinal implants, one of the leading solutions to restore blindness, could activate distant ganglion cells, hundreds of microns away, through the stimulation of their en passant axons \[[@pcbi.1007857.ref020], [@pcbi.1007857.ref021]\]. As a result, this means that a neuron can be activated by very distant electrodes, and that its "electrical receptive field" is very broad, covering several hundreds of microns. It has been suggested that this distant activation of ganglion cells is the main limiting factor for the acuity reachable with retinal implants \[[@pcbi.1007857.ref021], [@pcbi.1007857.ref022]\]. Here we show that a similar issue does not seem to occur with our optogenetic strategy.

Limits of the ideal observer analysis {#sec007}
-------------------------------------

To quantify the spatial resolution of the reactivated retina, we built a model of the information transmitted by reactivated ganglion cells to the brain. A similar approach using optimal Bayesian decoding has been applied to retinal models before \[[@pcbi.1007857.ref023]\], but was not applied to data where ganglion cells were made light sensitive with optogenetics for a therapeutic purpose. The assumption of an ideal observer implies that the patient has learned how to make an optimal use of the information transmitted by this reactivated retina.

The purpose of this approach is to fill the gap between the sensitivity of single ganglion cells, and the perceptual sensitivity that could be obtained with this therapeutic strategy. Previous studies \[[@pcbi.1007857.ref012]\] characterized single neuron sensitivity in the mouse as a proxy for perceptual sensitivity. However, many studies (e.g. \[[@pcbi.1007857.ref024]\]), have shown that care should be taken when comparing the sensitivity of single neurons, and the perceptual sensitivity. They demonstrated that, in general, there is no straightforward link between one and the other (see also \[[@pcbi.1007857.ref025]\]). These studies also established how modeling can be used to connect neural responses and perception, by building a model of the entire neural population responding to the stimulus, and quantifying how much information can be read out of this population. This is the approach we have followed here. Note that there is a specific advantage in doing this modeling of the population in the case of ganglion cells reactivated by optogenetics because we could find a simple model that predicts well ganglion cell responses to stimulation patterns, something which would be much more challenging with a normal retina.

\[[@pcbi.1007857.ref011]\] also tried a direct decoding of neural population activity. However, it is important to note that only part of the full population was recorded: if one wants to estimate the sensitivity of the full population of retinal ganglion cells, which is what the brain can access, modeling is necessary to avoid missing information provided by cells that were not recorded during the experiment. On one hand, direct decoding of the recorded population, like in \[[@pcbi.1007857.ref011]\], has the drawback of missing the activity of the cells that are not recorded. This can be an important issue when trying to estimate the resolution of the full reactivated retina. On the other hand, direct decoding allows skipping the use of a model. If the model is wrong, it could introduce errors in the estimate of the resolution. We have tested the performance of our model and shown that it predicts ganglion cell responses well, making the resolution derived from our model plausible. Another important difference between our approach and the one from \[[@pcbi.1007857.ref011]\] is the ensemble of possible stimuli when decoding the retinal responses. In the case of \[[@pcbi.1007857.ref011]\], the possible stimuli are the different letters presented. In our case, following \[[@pcbi.1007857.ref023]\], we also had the position of the letter as an additional variable, unknown to the decoder. At each time step, the position could change, mimicking the impact of eye movement (an approach also used in \[[@pcbi.1007857.ref023]\]). As a result, the possible stimuli are thus all the possible letters in all the possible locations. This is a very large ensemble, and to infer which letter was presented, one needs to also average the posterior over the possible positions in our Bayesian decoding. This is a more challenging problem, but closer to the problem that the brain needs to solve when only accessing the ganglion cell activity, not knowing where the letter is a priori because of fixational eye movements.

Our model was realistic and properly fitted to the data, and allowed quantitative predictions of the best acuity we can expect in a treated patient. Our model predicted that a patient should be able to discriminate letters of size corresponding to a visual acuity of 20/72. The main assumption in this approach is that the brain can make the best use of the information transmitted by the retina. Even for late blind patients who have already experienced visual stimulation, the stimulation received from the reactivated retina will have a novel structure that needs to be learned. For example, former OFF ganglion cells now respond to light onset, and need to be processed like ON ganglion cells. Learning to use this novel retinal code will require a reorganization of visual cortices, where ON and OFF subregions have a distinct topographic arrangement \[[@pcbi.1007857.ref026], [@pcbi.1007857.ref027]\].

Several studies showed that the brain might not be able to make the best use of all the signals coming from the different cell types \[[@pcbi.1007857.ref028], [@pcbi.1007857.ref029]\]. However, recent works (see, for example, \[[@pcbi.1007857.ref030]\]) have shown that neurons might integrate the output of several cell types together, as early as in the LGN. It is therefore unclear if one should only take into account the output of a single cell type, or if the brain can pool the results from several cell types together. A possible consequence is that patients will only use the information coming from ON cells. In our model, this means that only half of the reactivated cells will send usable information, which is equivalent to divide the density of reactivated cells by two. Our prediction is that the impact of this division will be moderate, and acuity will still be above the legal level of blindness ([Fig 3E](#pcbi.1007857.g003){ref-type="fig"}).

Beyond the division between ON and OFF cells, our strategy based on AAV will transfect all the cell types and make them all have similar responses to light. It is unclear if the brain will make an optimal use of the activity coming from different cell types. In our data, the transfected ganglion cells were densely packed, and even when GFP was expressed together with the optogenetic protein, we could not isolate the dendritic tree of single cells. For this reason we cannot tell if different cell types have been transfected, but it is likely that the AAV used here will transfect all types of ganglion cells. However, in the transfected region, the foveal ring, most ganglion cells are midget cells \[[@pcbi.1007857.ref018]\]. Most of our transfected cells are thus likely to be midget cells. Restricting our decoder to using only the midget type would thus not lead to an important loss in resolution.

The reactivated ganglion cells form a ring around the photoreceptors of the fovea \[[@pcbi.1007857.ref010]\], and this novel geometry also needs to be learned by the brain. Many studies have shown that a reorganization of the adult visual cortex is possible following a lesion in the retina \[[@pcbi.1007857.ref031], [@pcbi.1007857.ref032]\]. Additionally, a promising strategy is to pre-process the visual input before sending a stimulation pattern to the ganglion cells. This pre-processing can be optimized to help the brain make the best use of the information transmitted by the retina. Both pre-processing of the visual input and brain plasticity could help to achieve a perceptual performance close to the optimal spatial resolution estimated here, but only direct tests on patients will determine how close to optimal they can be.

Predicting efficacy of future treatments {#sec008}
----------------------------------------

An advantage of our modeling strategy is that it allows varying the different parameters to predict how they will influence the acuity. Here we have tested the impact of two relevant parameters in this model: the density of cells and the size of the receptive field. These two parameters will change depending on the therapeutic strategy adopted.

The size of the receptive field could change depending on how protein expression is engineered. \[[@pcbi.1007857.ref033]\] and \[[@pcbi.1007857.ref034]\] have shown novel engineered opsins can restrict their expression in the somas. This could reduce the receptive field diameter and dramatically enhance acuity. Thanks to our modeling approach, we could estimate how acuity should change as a function of the RF diameter ([Fig 3D](#pcbi.1007857.g003){ref-type="fig"}). Very high acuity levels, above 10/20, could be reached if the receptive field diameter gets close to soma size (i.e. around 10 microns). However, if this comes at the cost of a lower expression level, resulting for example in a lower transfection ratio, this performance could be mitigated.

The density of cells will vary if the ratio of transfected cells is varied. This could happen when the AAV dose is changed, if a different capsid, promoter or optogenetic protein is used. We have estimated how the acuity will change when the transfection ratio is changed ([Fig 3E](#pcbi.1007857.g003){ref-type="fig"}). Surprisingly, the predicted acuity is only marginally affected by the transfection ratio, if all the other parameters of the model are kept equal. This is due to the high density of ganglion cells around the fovea: even with a 10% ratio a lot of cells will be activated, and this will be enough to transmit information. However, below this ratio performance decreased significantly. Our study thus emphasizes that several factors play a role in the expected acuity. Our approach integrates these different factors into a coherent framework and has thus the potential to help refining future optogenetic strategies by predicting the expected acuity in various conditions.

However, it is also worth noting that changing these factors with a different therapeutic strategy may also impact other aspects of this therapeutic approach. For example, changing the capsid could be more immunogenic \[[@pcbi.1007857.ref010]\], a risk associated with gene therapy \[[@pcbi.1007857.ref035]\]. Other factors need therefore to be taken into account when trying to find the optimal combination of capsid, promoter and protein to increase resolution \[[@pcbi.1007857.ref010]\].

In conclusion, our study shows that the optogenetically activated ganglion cells have a small receptive field. This localized processing enables them to deliver a high resolution picture of the visual scene to the brain. Our results suggest that optogenetic therapy based on in vivo AAV injection targeting ganglion cells should give an acuity above the limit of legal blindness. This would be a significant improvement compared to current strategies based on retinal implants, where acuity has remained below that level so far (\[[@pcbi.1007857.ref001], [@pcbi.1007857.ref002]\]; but see \[[@pcbi.1007857.ref003]\] for an alternative approach). Our approach can also be used to predict the impact of refined optogenetic strategies on the predicted acuity, and should be useful for further improvements of this therapeutical strategy.

Material and methods {#sec009}
====================

Data and code for reproducing the results are available at XXX. Unless stated otherwise, all error bars in figures and text are standard deviations over the samples. SEM stands for standard error of the mean and SD for standard deviation.

Ethics statement {#sec010}
----------------

According to French regulation, the experimental protocol has been submitted to project authorization by the French Ministry of Research and Education (EU directive 2010/63), which includes the review by the local ethical committee (CETEA, n°44), before the project begins, and got approval number: APAFIS\#3180-201512150952286v4.

NHPs are observed daily and are in positive contact with experimenters by regular manipulation and distribution of treats to limit the possible impact of stress on physiological factors. The Local Animal Welfare Offices are in charge of improving animal welfare in housing and use of animals. These groups provide, for example, advices for implementation of standard operating procedures, humane endpoints, refining pain or distress management and environmental enrichment.

The animals are housed in pairs or in groups in individual cages in accordance with the revised Schedule A guidelines of ETS 123, adjacent cages have tactile and visual contact devices, groups are maintained in a visual, sound and tactile community. Animals are housed and accustomed to the environment at least four weeks before the operation. The animals have water ad libitum, access to the soil with litter, and the food distributed twice a day includes expanded croquettes and fresh, dried fruit. In addition to socialization, enrichment is ensured by food search devices and toys.

For surgery and longitudinal examinations, induction of anesthesia: (i) Ketamine mixture 10mg / kg and xylazine 0.5mg / kg IM after fasting the day before the experiment. (ii) Maintenance of the anesthesia: Propofol IV 1ml / kg / h for a better pupil dilation with oxybuprocaine (Cebesine) for local anesthesia of the eye. The animal is intubated for surgeries. Antibiotic / anti-inflammatory: framycetin / dexamethasone (Fradexam) local is applied after surgery.

Anesthetic overdose: pentobarbital sodium (180mg / kg) administered in IV after chemical restraint with ketamine (10mg / kg) / xylazine (0.5mg / kg), followed or not by intracardiac perfusion of physiological saline followed by paraformaldehyde at 4% according to the needs of the post-mortem analyzes.

AAV production and injection {#sec011}
----------------------------

Details of the gene delivery and optogenetic protein expression in mice has been detailed elsewhere \[[@pcbi.1007857.ref007], [@pcbi.1007857.ref010]\]. Briefly, we targeted retinal ganglion cells (RGCs) of blind rd1 mice (4-5 weeks old) with an AAV2 encoding ReaChR-mCitrine under a pan-neuronal hSyn promoter via intravitreal injections. Four weeks post-injection, we observed strong retinal expression of mCitrine in rd1 mice as revealed by in vivo fundus imaging. For macaques, we targeted retinal ganglion cells (RGCs) with an AAV2 encoding a human codon optimized CatCh under a strong, RGC-specific promoter \[[@pcbi.1007857.ref010]\]. Retinas were harvested three months after injection of the virus in the adult macaque retina.

Multielectrode array recordings {#sec012}
-------------------------------

Recordings were made using a multielectrode array (MEA) comprised of 252 extracellular electrodes spaced at 100 *μ*m on a square grid (Multi-Channel Systems, Reutlingen, Germany). Once a piece of retina had been isolated, it was placed ganglion cell side down onto the array. A perforated dialysis membrane was used to hold the retina in place on the array. The array was superfused with Ames solution (3 ml/minute, gassed with 95% O~2~-5% CO~2~) and maintained at 34°C. Raw RGC activity was amplified and sampled at 20kHz. Resulting data was stored and filtered with a 200 Hz high pass filter for offline analysis. The recordings were sorted using custom spike sorting software developed specifically for these arrays \[[@pcbi.1007857.ref036], [@pcbi.1007857.ref037]\]. For macaque retina recordings, LAP4 was added to the bath to block ON responses coming from photoreceptors. This strategy has been validated previously \[[@pcbi.1007857.ref007]\].

Visual stimulation and receptive field estimation {#sec013}
-------------------------------------------------

The stimulus was displayed using a Digital Mirror Device (supplier: *ViALUX*) and focused on the photoreceptor plane using microscope optics \[[@pcbi.1007857.ref038]\].

The receptive field (RF) of a retinal ganglion cell (RGC) is the particular region of the visual field in which a stimulus will trigger the firing of the cell. Here we characterized the spatial and temporal components of the RFs by estimating the spike-triggered average (STA) from a white noise checkerboard stimulus \[[@pcbi.1007857.ref017]\]. The stimulus was a flickering black-and-white checkerboard where the intensity of each checker was drawn at random from a binary distribution at every stimulus frame. The size of the checks was 67*μm* for macaque and 50*μm* for mouse, and frames were updated at respectively 30*Hz* and 40*Hz*. These coarse check sizes were used to maximize the Signal to Noise Ratio of the ganglion cell responses, but limited the precision of the receptive field estimation. The light source was an epi-fluoresence lamp with a white spectrum ranging from 380 to 780nm and a total light intensity of 10^16^ photons.cm^−2^.s^−1^. Computing the STA consists in selecting and averaging the frames in a 200ms time window preceding each spike, to form a 3 dimensional description of the receptive field (2 dimensions are space, 1 dimension is time). The spatial RF is defined as the temporal slice of the STA that contains the maximal value of the whole STA. The temporal RF is defined as the temporal evolution of the check of the STA with the maximal average value. To estimate the diameter of the receptive field we fitted a two-dimensional Gaussian to the measured spatial receptive field. In order to estimate the error of the RF size of each cell (due to the coarse check size mentioned above), we performed a boopstrap approach. We first generated many artificial noisy STAs by adding Gaussian noise (with zero mean and variance equal to that of the STA far from the cell center) to the fitted (and denoised) two-dimensional Gaussian. Then, by re-fitting this Gaussian on each noise-corrupted STA we estimated the standard deviation of the RF size. This strategy allowed us to quantify the error of individual RF sizes obtaining 3 and 7 microns for mouse and monkey, less than the spread of the sizes across the populations (Figs [1](#pcbi.1007857.g001){ref-type="fig"} and [2](#pcbi.1007857.g002){ref-type="fig"}), which dominates the SEM estimates. As a consequence, even if our individual statistical errors were under-estimated due to the Gaussian hypothesis, the SEM estimation for the mean would not be much affected. Note, in fact, that these quantifications depend on the Gaussian assumption on the RF shape, which constraints the fit. This approach is standard in the retinal literature and consistent with the usual shape of RGC RF \[[@pcbi.1007857.ref017], [@pcbi.1007857.ref039]\].

Across all spike-sorted cells, we selected the cells that had a visible receptive field: 25/171 cells for the macaque, and 30/63 for the mouse, passed this test. The small ratio in the macaque is due to the fact that many recorded neurons were outside of the foveal ring, and therefore not transfected efficiently by the AAV \[[@pcbi.1007857.ref010]\]. In one of the macaque recordings where GFP was co-expressed with the optogenetic protein, the region transfected efficiently corresponds to around 35 electrodes (over 252) \[[@pcbi.1007857.ref010]\]. We then asked if cell responses were robust across repetitions of the same visual stimulus. To test for this, we divided stimulus repetitions in two halves and computed the mean response in time (PSTH) for each of them. Cells that showed a Pearson correlation between the two PSTHs larger than 0.5 passed the test: 15/25 for the macaque and 24/30 for the mouse.

Linear Non-linear model {#sec014}
-----------------------

We fitted the responses of the ganglion cells with a Linear-Non-linear model \[[@pcbi.1007857.ref017]\]. In this model the stimulus is first convolved with the receptive field of the cell. Then the result goes through a parametrized *softplus* non-linearity (*α* log(1 + exp(*β*(*x* + *θ*)))) \[[@pcbi.1007857.ref038]\] to predict the firing rate over time. The non-linearity relates the amount of light in the receptive field to the firing rate of the cell, and was fitted by log-likelihood maximization.

To test the model, we repeated 50 times another sequence of the checkerboard stimulus, and we estimated the cells' firing rate by binning the response at 40Hz (mouse) and 30Hz (macaque). We then computed the firing rate predicted by our model and compared it to the experimental firing rate of the cell averaged across the 50 trials. To quantify the ability of our model to predict the cell response, we calculated the Pearson correlation (r) between the predicted (*f*~*pred*~) and experimental (*f*~*exp*~) firing rate. To measure the response reliability of a neuron, we split the repetitions in two halves and computed a PSTH on each half, and we then computed the Pearson correlation coefficient between these two PSTHs.

In the population model, the spatio-temporal RF shape was the same for all the neurons, only the center position of the cells differed. To estimate this averaged RF, we first computed the position of each recorded cell, then averaged the STAs of the re-centered cells. Then we decomposed this average RF into a spatial and a temporal component. The first was a two-dimensional, symmetric, Gaussian, whereas the latter was the RF temporal modulation at the center. For the non-linearity, we parametrized it as a soft-plus function with three parameters that we fitted with maximum log-likelihood from the response of all the cells to unrepeated checkerboard data.

Acuity test in silico {#sec015}
---------------------

To simulate the test, we picked one out of the 4 possible orientations and flashed the letter E at a new random position every 67 ms (corresponding to the decay time constant of the temporal RF). The purpose of this random renewal of the position was to mimic the fixational eye movements of the patient, which would displace the letter over the retinal surface (see also \[[@pcbi.1007857.ref023]\]). The letter was white on a black background. We assumed here that a patient would wear light amplifying goggles that would provide the light intensity necessary to activate the optogenetic protein.

We then simulated the entire retinal output as a collection of ganglion cells with receptive fields regularly spanning the visual field. We randomly picked a subset of cells that were the ones supposed to express the optogenetic proteins---the other ones were supposed to send no information about the stimulus and therefore removed: even if they have a spontaneous activity, it will be letter-independent and therefore it will affect minimally our ideal Bayesian observer. Each time a stimulus was presented, it was convolved with the receptive field of each cell and the result went through the non-linear function to predict the firing rate for each cell. We assumed that ganglion cells emitted spikes according to a Poisson process, as in a classical Linear-Non-linear Poisson model, previously used in the retina \[[@pcbi.1007857.ref040]\].

We then decoded which letter was presented from these spike trains. For this we adopted a maximum *a posteriori* strategy (with flat prior): we assumed perfect knowledge of the model and tested for which stimulus the observed spiking response was the most likely. First we computed the firing rates of the whole population of cells in response to every possible position and every letter f(cell, position, letter). Then, assuming a Poisson distribution of firing rates, we calculated the log-likelihood of the firing rates observed given any letter \[[@pcbi.1007857.ref041]\]: $$\begin{matrix}
{\text{log}\mspace{360mu} p\left( f_{obs} \middle| letter \right) = \sum\limits_{position,cell}f_{obs}\left( cell \right)\mspace{360mu}\text{log}\mspace{360mu} f\left( cell,position,letter \right)} \\
{- \Delta t\sum\limits_{position,cell}f\left( cell,position,letter \right) + c} \\
\end{matrix}$$ where *f*~*obs*~ are the firing rates simulated for all cells in response to the letter presented, Δ*t* is the time of presentation of the letter in a given position (60ms), and *c* is a constant.

We then chose the letter with the highest log-likelihood as the prediction of our model.

The decoding was performed at each time step. Over the time course of the presentation, the decoding could benefit from evidence accumulated at previous time steps. The decoding performance thus got better and better over time. We repeated this test 500 times with random letters and averaged the performance over time of our decoder. The performance was defined as the percentage of letters correctly guessed. We defined the acuity as the smallest letter for which the performance was larger than 80% after a time exposure of 1 second. To estimate the standard deviation in our results, we repeated the whole procedure 30 times.

The human eye is larger than the macaque eye and this could affect acuity for a receptive field of the same size: according to \[[@pcbi.1007857.ref042]\], one degree of visual angle corresponds to 275 microns in the human fovea, and 223 in the macaque fovea. However, the proper comparison should take into account both this factor and the relative size of midget cells in human and macaque retinas, by comparing dendritic field size converted in degrees of visual angle. This comparison has been performed \[[@pcbi.1007857.ref042]\] and showed that the sizes were very similar.

Supporting information {#sec016}
======================

###### Receptive field and LN model for a ReaChR reactivated mouse retina. (A-D): 4 more example cells.

Left: Spatial and temporal receptive field. Center: experimental (blue) and predicted (red) firing rate in response to a repeated sequence of the checkerboard stimulus. Right: filtered stimulus plotted against the experimental firing rate for each time-bin of the repeated stimulus. Red: prediction of the firing rate using the non-linearity function.

(TIFF)

###### 

Click here for additional data file.

###### Receptive field and LN model for a CatCh reactivated macaque retina. (A-D): 4 more example cells.

Left: Spatial and temporal receptive field. Center: experimental (blue) and predicted (red) firing rate in response to a repeated sequence of the checkerboard stimulus. Right: filtered stimulus plotted against the experimental firing rate for each time-bin of the repeated stimulus. Red: prediction of the firing rate using the non-linearity function.

(TIFF)

###### 

Click here for additional data file.
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28 Aug 2019

Dear Dr Marre,

Thank you very much for submitting your manuscript \'Towards optogenetic vision restoration with high resolution\' for review by PLOS Computational Biology. Your manuscript has been fully evaluated by the PLOS Computational Biology editorial team and in this case also by independent peer reviewers.

While all reviewers thought the paper covered an interesting and important topic, all reviewers had major concerns with the current manuscript and requested major revisions. The most concerning issue, however, is that one of the reviewers also challenged the novelty of this work with reference to previous papers that was not cited in the current manuscript.

Unfortunately, when taking together these expert reviews, we cannot accept this article for publication in the current form. If the authors are willing to conduct an extensive revision and address all the listed major concerns and - most importantly - if they rewrite the manuscript in a manner that clearly outline the novelty of this study over previous work, we will consider this manuscript for publication. We cannot, of course, promise publication at that time.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

Your revisions should address the specific points made by each reviewer. Please return the revised version within the next 60 days. If you anticipate any delay in its return, we ask that you let us know the expected resubmission date by email at <ploscompbiol@plos.org>. Revised manuscripts received beyond 60 days may require evaluation and peer review similar to that applied to newly submitted manuscripts.

In addition, when you are ready to resubmit, please be prepared to provide the following:

\(1\) A detailed list of your responses to the review comments and the changes you have made in the manuscript. We require a file of this nature before your manuscript is passed back to the editors.

\(2\) A copy of your manuscript with the changes highlighted (encouraged). We encourage authors, if possible to show clearly where changes have been made to their manuscript e.g. by highlighting text.

\(3\) A striking still image to accompany your article (optional). If the image is judged to be suitable by the editors, it may be featured on our website and might be chosen as the issue image for that month. These square, high-quality images should be accompanied by a short caption. Please note as well that there should be no copyright restrictions on the use of the image, so that it can be published under the Open-Access license and be subject only to appropriate attribution.

Before you resubmit your manuscript, please consult our Submission Checklist to ensure your manuscript is formatted correctly for PLOS Computational Biology: <http://www.ploscompbiol.org/static/checklist.action>. Some key points to remember are:

\- Figures uploaded separately as TIFF or EPS files (if you wish, your figures may remain in your main manuscript file in addition).

\- Supporting Information uploaded as separate files, titled Dataset, Figure, Table, Text, Protocol, Audio, or Video.

\- Funding information in the \'Financial Disclosure\' box in the online system.

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com> PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

To enhance the reproducibility of your results, we recommend that you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see [here](http://journals.plos.org/ploscompbiol/s/submission-guidelines#loc-materials-and-methods). 

We are sorry that we cannot be more positive about your manuscript at this stage, but if you have any concerns or questions, please do not hesitate to contact us.

Sincerely,

Michiel van Wyk

Guest Editor

PLOS Computational Biology

Lyle Graham

Deputy Editor

PLOS Computational Biology

A link appears below if there are any accompanying review attachments. If you believe any reviews to be missing, please contact <ploscompbiol@plos.org> immediately:
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Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: Review of Ferrari et al. (2019) \"Towards optogenetic vision restoration with high resolution\", PCOMPBIOL-D-19-00958.

This manuscript is an interesting and fairly straightforward study on the receptive field size of ganglion cells in mouse and macaque retina that have been given photosensitivity using a variant of channel rhodopsin supplied by an AAV virus. The receptive field size was measured using a checkerboard stimulus to produce a spatio-temporal Spike-Triggered Average from recordings of isolated retinas using an MEA. A model of the transfected ganglion cell array was created from the average ganglion cell STA responses using a LN model that generated spikes with stochastic timing, placed on a square grid with spacing set from the density of transfected cells. The visual acuity was then predicted from Bayesian tests of the model\'s responses evoked by visual stimuli randomly jittered to simulate eye movements.

The manuscript is relevant to recent attempts to produce high-acuity vision for the blind using optogenetics. It seems apprpriate for the journal because it is an excellent combination of electrophysiology and computational modeling. Overall it is well-written and the figures are adequate and appropriate. However, I have several major concerns about the methods and the resulting acuity derived from the model, and several minor suggestions about wording.

1\. Receptive field size. As mentioned in the abstract and main text, looking at Figures 1 and 2, the reader sees no evidence of the axon within the optogenetic receptive field (RF). But the small RF diameter, modeled in Figure 3D, seems a different issue. The measurement of RF size with a 50 um check size in mouse and 67 um check size in macaque seems difficult to reconcile with the estimated size of \~93 um. With the assumption that the receptive fields were circular (and e.g. Gaussian), it might be reasonable to measure such an average RF diameter only 40% larger than the check size. But with a stationary grating, many RFs would have likely been misaligned with the borders of the checks so the STA average could not accurately reflect the actual diameter or shape. Without the circular Gaussian assumption, such a coarse check size seems inappropriate because it would not allow accurately defining RF shape and size. If the checkerboard stimulus could move (e.g. with some jitter, as in the model) one could imagine a higher resolution than the check size. But to ask a question about the shape of the RF, i.e. to what extent the ChR is in the axon and/or dendrites, the 67 um check size would seem too coarse to determine RF shape and size. Although the reader wonders about the significance of the exact RF size on acuity (see point 2 below), the measurement of RF size seems questionable. For the purpose of reporting the results on RF size, it would be more convincing to show several of the RFs with finer scale plots, or even better, measured with finer check size.

2\. The relation between receptive field size, cell spacing, and acuity is not well described. Large receptive fields, i.e. larger than the cell spacing, will obviously reduce effective acuity, but it is not clear how receptive fields much smaller than the cell spacing can improve acuity. Although Fig. 3D,E show acuity vs. RF diameter and acuity vs. transfection ratio (i.e. relative density), it is difficult for the reader to understand how acuity could be high (e.g. 20/40) with very small receptive fields (e.g. size of a soma, 10-20 um). Given a density of 51 cells/mm2 the average spacing in the real retina is \~140 um \-- but with a transfection of 40%, the spacing of transfected cells is likely to be quite random and \~50% greater, \~220 um. With average spacing of 220 um it is difficult to imagine how receptive field sizes of less than 100 um, e.g. 10 - 50 um, could give improved performance in discriminating letter rotations.

The reader needs some explanation of how a receptive field the size of a cell\'s soma, in an array of cells spaced on average 220 um apart, could give higher acuity than one would predict from the spacing alone. It would seem that the term \"hyper-acuity\" should be applied in this case where the receptive fields are much smaller than the average spacing. Generally hyper-acuity described in the literature is only relevant for discriminating certain stimuli \-- but usually not for letter rotations. It would help the naive reader to add a short section on hyper-acuity with appropriate references.

The main conclusion, that optogenetic vision could support useful high-resolution vision, seems based mainly on the lack of ChR sensitivity in the axon and the average cell spacing. The measurement of RF size and its relation to acuity seems less convincing.

3\. Cell type. Although the issue of interpretation of the signals from ON vs. OFF cells by cortical circuitry is discussed, there appear to be other related issues that would be a problem in assessing the performance of the model. Since the cell types of the recorded cells have not been reported, and are likely unknown, the reader wonders whether large and small cells, e.g. magno vs. parvo types, or other types typically recorded in macaque, would be transfected \-- and in what proportions. Different cell types are known to have different responses: e.g. transient vs. sustained \-- and these if averaged would likely reduce the Bayesian performance. The question this raises is the relevance of the model with the assumption that different cell types are transfected and stimulated, and may project to different cortical areas that may not be able to directly integrate an acuity discrimination with each other. Therefore, it would seem that the acuity estimated is only an upper limit, and that the actual acuity from a real transfection would likely be substantially lower.

The issue of cell type also is relevant to the receptive field size, as it seems possible that different cell types could have different transfection patterns that would affect their receptive field sizes and shapes.

4\. Grid geometry. It would seem that a semi-random grid geometry, set with the average nearest-neighbor distance and regularity from the real transfection pattern, instead of a square grid as contained in the model, would be more appropriate \-- as then the model would more closely reflect the pattern of spacing of the real cells and possible hyper-acuity.

5\. l 80, \"Details \... has been detailed\", suggest \"Details \... have been detailed\"

6\. l 113, \"due to photoreceptor\", suggest \"from photoreceptors\"

7\. l 113, \"We performed a similar experiment than for mouse\", suggest \"We performed a similar experiment as for the mouse\".

8\. l 116, \"we could still find STA with a well-defined receptive field in some ganglion cells (Fig 2A,B) with an average diameter of 92.8+/- 10 um\", suggest \"in some ganglion cells we could still find a STA with a well-defined receptive field (Fig 2A,B) with an average diameter of 93 +/- 10 um\".

9\. l 133, \"were placed on a squared grid\", suggest \"were placed on a square grid\".

10\. l 137, \"51,108 cells/mm2\", suggest \"51.1 cells/mm2\". Although a comma is often used as a decimal point, for this journal a dot \".\" seems more appropriate.

11\. l 147, \"Using this decoder is equivalent to assume that\", suggest \"Use of this decoder is equivalent to the assumption that\".

12\. l 308, \"and compute the mean response\", suggest \"and computed the mean response\".

13\. l 158-189 \"these 110 microns corresponds\", suggest \"these 110 microns correspond\".

14\. l 308 \"and compute the mean response\", suggest \"and computed the mean response\".

15\. l 326, \"only the center of the cells\", suggest \"only the center position of the cells\".

16\. l 330, suggest placing \"Deny et al.\" inside parentheses: \"(Deny et al., 2017)\".

17\. l 337 \"is to mimic\", suggest \"was to mimic\".

18\. l 339, A white letter on a black background is generally not considered to be 100% contrast, as the overall level of illumination would depend on the fraction of the visual field that is covered with white. In real experiments, the background level must be measured and reported, as it sets the adaptation level in the visual system. A truly black background would dark-adapt the retina and therefore the white letter stimuli would generate an undetermined level of illumination, an undetermined level of adaptation, and undetermined contrast. This effect might not affect the results from the model \-- but it should be described in the text so as not to confuse the reader.

Reviewer \#2: Review is uploaded as an attachment

Reviewer \#3: In their manuscript \'Towards optogenetic vision restoration with high resolution\', the authors address an interesting topic. The analysis is currently quite limited. Especially, given the complexity and value of the primate study, the authors should present their data in a less qualitative way. The authors should be able to improve the value of their study significantly without the need for additional experiments.

The paper is to a great extent motivated by the fact that the whole cell becomes light-sensitive. However, this is hardly quantified in the manuscript. The variance of a Gaussian fit does not represent the possible influence of a light-sensitive axon appropriately. In figure 1A some sensitivity is visible at 11 o\'clock. Is this a common observation? Is this in the direction of the axons? Is the SNR of the measurements sufficient to see axons? One could imagine e.g. an estimation based on the volume of the soma and axon, and the size of the stimulus grid.

The measured receptive field diameters are much larger than those of the somas\'. How strong is the influence of the stimulus grid? If the primary dendrites play a significant role, a significant variation across cell-types might be observable. Are microscopic images of the cells available? In the primate, a significant number of cells should be midgets and parasol cells with distinct differences. Do all RGCs share a similar time course?

\'\...which correspond to ganglion cells where the expression level of the optogenetic protein was high enough.\' Please provide quantification.

\'The small ratio in the macaque is due to the fact that many recorded neurons were outside of the foveal ring, and therefore not transfected efficiently by the AAV\...\' Can this be quantified?

Please provide evidence that the untreated tissue showed no light responses.

\'Assuming that discriminating a letter of 25 μm gives a 20/20 acuity\'. Please provide citations to go from the macaque to the human.

\'The letter was white on a black background (100% contrast)\' A lower contrast might be a more realistic assumption.

\'\...the other ones were supposed to send no information about the stimulus and therefore removed\' They should have a spontaneous background rate, possibly even a correlated firing pattern.

\'\...flashed the letter E at a new random position every 67 ms\' Fig 3B should be labeled \'repetitions\' or the model should use a continuous random walk as stimulus input.

Please extend your discussion of the fact that the model is close to the best-case scenario. Possibly, tone down the abstract as this study analyses three cells and extrapolates them to 50000/mm2.

How many separate recordings are part of this paper?

Is data used in other publications?

What data is shared?

Overall, please provide more quantifications and citations throughout the manuscript.

\'Here we developed an novel computational approach\...\' The computational approach is not new.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Computational Biology* [data availability policy](http://journals.plos.org/ploscompbiol/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: No:

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/ploscompbiol/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No

###### 

Submitted filename: PLOs Comp Biol.docx

###### 

Click here for additional data file.

10.1371/journal.pcbi.1007857.r002
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25 Feb 2020

Dear Dr. Marre,

Thank you very much for submitting your manuscript \"Towards optogenetic vision restoration with high resolution\" for consideration at PLOS Computational Biology. The reviewers appreciated the extensive revision you have conducted and agree that the manuscript has gained significantly. Nevertheless, they still suggest some importnat modifications to your manuscript. Based on the reviews, we are likely to accept this manuscript for publication, providing that you address these final concerns of the reviewers.

Please prepare and submit your revised manuscript within 30 days. If you anticipate any delay, please let us know the expected resubmission date by replying to this email. 

When you are ready to resubmit, please upload the following:

\[1\] A letter containing a detailed list of your responses to all review comments, and a description of the changes you have made in the manuscript. Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out

\[2\] Two versions of the revised manuscript: one with either highlights or tracked changes denoting where the text has been changed; the other a clean version (uploaded as the manuscript file).

Important additional instructions are given below your reviewer comments.

Thank you again for your submission to our journal. We hope that our editorial process has been constructive so far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Michiel van Wyk

Guest Editor

PLOS Computational Biology

Lyle Graham

Deputy Editor

PLOS Computational Biology

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

A link appears below if there are any accompanying review attachments. If you believe any reviews to be missing, please contact <ploscompbiol@plos.org> immediately:

\[LINK\]

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: Review of Ferrari et al. (2019) \"Towards optogenetic vision restoration with

high resolution\", PCOMPBIOL-D-19-00958_R1.

The authors have responded well to most of the reviewers\' comments, as

their revision has added additional information that clarifies many of the

problems that had been identified. I only have minor suggestions for revision.

1\. line 18, \"might vary upon changing therapeutic strategy\", suggest

\"might vary with changes in the therapeutic strategy\", or

\"might vary upon changing the therapeutic strategy\", or

\"might vary depending on the therapeutic strategy\".

2\. line 20, \"under conditions that our model helps determining.\", suggest

\"under conditions that our model helps to determine.\"

3\. lines 89-90, Again I would suggest that the method used could not determine

the receptive fields with the accuracy described. The problem as previously

explained is the shape of the receptive field assumed in fitting the diameter.

Suggest changing \"98.7+/-7\" to \"99+/-7\", or even \"100+/-7\".

Suggest adding a comment about the \"individual uncertainty of 3 micron,\" to

explain how this accuracy was determined based on the 50 um check size, and

add a short section detailing the assumptions about the receptive field shape.

In Methods a section (lines 394-398) mentions the use of a fitted

two-dimensional Gaussian, but it would be helpful to explain why this would be

appropriate for the image of a soma and proximal dendrites labeled by the AAV

virus, and to explain the expected error by assuming a Gaussian shape..

Suggest change \"of 3 micron\" to \"of 3 microns\".

These revisions will not affect the manuscript\'s conclusion, but would be

less confusing to the naive reader who might wonder how such an accuracy

could be given with a check size of 50 um.

4\. line 96, change \"start\" to \"starts\".

5\. line 96, \"in line with a direct light-activation\", suggest

\"consistent with a direct light-activation\".

6\. line 121, change \"photoreceptor\" to \"photoreceptors\".

7\. line 127, \"we could still find STA with\", suggest

\"we could still find a STA with\".

8\. line 128, as above, please explain how this accuracy in the diameter of the

receptive field was determined based on the 67 um check size, and add a short

section (maybe the same as for mouse, above) detailing the assumptions about

receptive field shape.

9\. line 159, \"which corresponds to repeat the flashes multiple times\", suggest

\"which corresponded to repeating the flashes multiple times\" or

\"which was equivalent to repeating the flashes multiple times.\"

10\. line 185, \"has not been performed\", suggest, \"was not performed\".

11\. line 188, \"showed a small\", suggest \"had a small\".

12\. line 194, \"larger light intensities\", suggest \"greater light intensities\",

or \"brighter light intensities\".

13\. line 195, \"cannot be stimulated\", suggest \"are not stimulated\".

14\. line 208, \"but was never\", suggest \"but was not\".

15\. line 209, \"optogenetics in a therapeutic purpose\", suggest

\"optogenetics for a therapeutic purpose\".

16\. line 241, \"one need to also\", suggest \"one needs also to\".

17\. line 271, \"will transfected\", suggest \"will transfect\".

18\. line 385, \"but limits the precision\", suggest \"but limited the precision\".

19\. line 395, \"a Gaussian\", suggest \"Gaussian\".

20\. line 400, please explain \"salient receptive field\", or choose different

wording, as the naive reader is confused by this phrase.

21\. line 440, \"enable to reach the light intensity\", suggest

\"provide the light intensity\".

22\. line 446, \" and therefore it will not\", suggest \"and therefore will not\".

23\. line 446, \"therefore it will not affect our ideal Bayesian observer\".

I suggest that, strictly speaking, this is incorrect, as the ideal observer

must take into account the variability in each cell by shifting ideal choices

slightly away from the letter-independent noise distribution. Suggest

\"therefore it will minimally affect our ideal Bayesian observer\" or similar wording.

24\. lines 469-473, discussion of going from macaque to human: would be helpful

here to mention the relative size of the macaque and human eyes, and how this

would affect the comparison. The same size ganglion cel receptive field will

give higher acuity in a larger eye (i.e. with a greater post-nodal distance).

Reviewer \#3: The author clarified many concerns, added additional data, quantifications, and analyses and thereby strengthened the paper. However, I would have hoped that the authors take a more careful approach and further tune down their claims.

I doubt that the area of additional sensitivity in figure 1A is caused by \'random fluctuation of noise\'. It might very well not be related to the axon, but it looks like what one might expect the RF of an initial axon segment to look like. Similar hints might be visible in figure S1 B and D. However, it is not strictly necessary to follow up on this.

I hoped my comments on the model would result in more realistic versions in addition to the best-case scenario. Of course, the contrast in a prothese would be quite high, but possibly not permanently binary. While the current optimal Bayesian decoder is not affected by the rhythmic firing of unstimulated neurons, a decoder that uses the same likelihood, independently of whether a cell is stimulated or not, would be. This might better resemble the visual system of a patient prior to relearning.

The description of the new analysis to estimate the error in the measured RF sizes due to coarse checkers is not clearly formulated. It seems that the authors doubled the background noise and refitted the Gaussian. I don\'t think that this is a good test. One possibility might be to subsample and then refit Gaussians of known size to simulate the effects of alignment and stimulus size.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**
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